INTRODUCTION
Ferritins are multimeric proteins (24 subunits ) that are present in plants, animals and micro-organisms. In all cases the protein is responsible for the storage and distribution of iron within cells [1] . Mammalian ferritins have been extensively characterized. Two active genes code for the functionally different subunit types, H and L, which assemble in various ratios in the final protein depending on the tissue in which the protein is found [2] . Until recently, only one functional type of plant ferritin subunit has been described ; this subunit displays characteristics of both H-type and L-type animal ferritin subunits [2] . On the basis of sequence comparisons, plant and animal ferritins seem to be derived from a common evolutionary ancestor [3] . Although ferritin probably performs the same function in plants and animals, most experimental evidence supports the regulation of ferritin synthesis in plants at the level of transcription, as opposed to translation, in animals, and plant ferritins are located in plastids as opposed to the cytoplasm in animals [4] [5] [6] . In animals, iron regulates ferritin expression through a non-coding region of mRNA (the iron response element) that has not been detected in all reported plant ferritin sequences [7] .
Coding regions for plant ferritin subunits are longer than those for animal ferritins ; an extra sequence at the N-terminus of the plant protein subunit encodes a transit peptide responsible for plastid targeting, and also an extension peptide of approx. 24 amino acid residues that is specific to plant ferritins and found in the mature peptide [3, 8] . In maize, two different ferritin genes have been identified that seem to be differentially expressed in response to abscisic acid or iron-mediated oxidative stress [9, 10] . These genes are almost identical (95-96 %) in the protein-coding region. In dicotyledons, single gene products have been reported
Abbreviations used : MMLV, Moloney murine leukaemia virus ; RT-PCR, reverse transcriptase-mediated PCR. 1 To whom correspondence should be addressed (e-mail bentsch!metz.une.edu.au). The nucleotide sequence data reported will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession numbers AF052057, AF052058, AF052512, AF052513 and AF052511. also provide preliminary evidence for a family of ferritin genes in soybeans (Glycine max) related to that in cowpeas. We conclude that a family of genes is probably present in all higher plants. We have used quantitative reverse transcriptase-mediated PCR to show that each of the four members of the cowpea ferritin gene family expresses mRNA in leaves and roots under normal growth with a complete nutrient supply. The results clearly show a marked differential pattern of mRNA levels formed during development from the four genes. We conclude that the composition of plant ferritin molecules from plant leaf extracts is probably a complex mixture of subunits, which might be different in roots and in leaves.
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for soybeans [6] , beans [11] , peas [8, 12] and Arabidopsis thaliana [13] . In A. thaliana [13] the iron-mediated oxidative stress transcriptional response described for maize [10] has been observed, but there is no evidence for the existence of an abscisic acid-regulated ferritin gene. In previous studies we have established that at least three cowpea (Vigna unguiculata) ferritin genes are expressed in developing leaves. Two of these genes code for protein products with substantial sequence divergence from the third product, which is closely related to the other legume subunits [14] . The possibility exists that members of this gene family in cowpeas might be differentially expressed in a manner analogous to that for maize or animal ferritins, and that all plants have a complex family of ferritin genes.
Here we present evidence for four distinct transcribed members of the cowpea ferritin gene family, and also provide preliminary evidence from PCR-amplifcation of soybean DNA that this gene family is not unique to cowpeas. For each of four known genes in cowpeas we have used quantitative reverse transcriptasemediated PCR (RT-PCR) techniques to estimate the levels of mRNA during the growth and expansion of cowpea leaves as well as in roots. Results show clear patterns of differential accumulation of mRNA species.
MATERIALS AND METHODS

Materials
Agarose for gel electrophoresis was obtained from Pharmacia Biotech (Uppsala, Sweden). Restriction enzymes, reverse transcriptase (MMLV RT, RNase H Minus) and DNase (RQ1 RNase-free DNase) were all obtained from Promega Corporation (Madison, WI, U.S.A.). Radioactive [α-$#P]dATP was supplied by Bresatec (Adelaide, SA, Australia). All other reagents were of A.R. grade. Escherichia coli strains JM105 and DH5α [15] were used for routine cloning ; E. coli LE392 [15] was used for the construction of cDNA libraries in phage λgt10 from Pharmacia (Uppsala, Sweden). Cowpea (V. unguiculata var N41) and soybean (G. max var Valder) seeds were obtained from the NSW Department of Agriculture (Tamworth, NSW, Australia).
Plant growth
Cowpea seedlings were grown in moist vermiculite in a greenhouse under conditions of natural light and at ambient temperature. Growth was supported by a complete mineral mixture supplemented with extra soluble iron as FeEDTA. Leaf samples were taken at specified lamina lengths (see Table 3 ) and placed on ice before being transferred to liquid nitrogen for storage. Soybean seedlings were grown under the same conditions, with leaf samples taken at 5-7 cm lamina length for the preparation of DNA or RNA.
Cloning and sequencing of cowpea ferritin cDNA
Total RNA was prepared from expanding cowpea leaves (5-7 cm in lamina length) by the method of Chomczynski and Sacchi [16] . Poly(A) + RNA was isolated from total RNA by using a poly(dT) magnetic bead capture system (Promega PolyATract2 mRNA Isolation System ; Promega Corporation). Clones for the two reported cowpea ferritin cDNA species (CP2 and CP3) were isolated from two independent lambda cDNA libraries. One library was constructed from 4 µg of poly(A) + RNA with the cDNA Synthesis System Plus kit (Amersham International, UK) -first-strand synthesis primed with oligo-dT, and the cDNA was packaged into lambda gt10 phage particles using the Promega Packagene2 Lambda DNA Packaging System. For the second library, cDNA was synthesized from 3 µg of poly(A) + RNA (oligo-dT priming) using Moloney murine leukaemia virus (MMLV) reverse transcriptase, and EcoRI\NotI adaptors were added (Pharmacia Biotech cDNA Synthesis Kit ; Pharmacia, Sweden). The cDNA was cut with EcoRI, inserted into lambda gt10 and packaged using the Promega Packagene2 Lambda DNA Packaging System. For the first library, recombinant phages were plated and screened with a partial cowpea ferritin cDNA fragment (215 bp) specific for CP2 that had been labelled with [α-$#P]dATP. For the second library, recombinant phages were plated and screened with a partial cowpea ferritin cDNA fragment (215 bp) specific for CP5 that had been labelled with [α-$#P]dATP. Hybridizations were performed in 6iSSC [1iSSC being 0.15 M NaCl\16.5 mM sodium citrate (pH 7.0)]\0.5 % SDS\0.5 % polyvinylpyrrolidone\0.5 % Ficoll containing 20 µg of herring sperm DNA\ml at 65 mC. Filters were washed twice in 2iSSC\0.1 % SDS at 60 mC. Inserts from positive recombinant phages were subcloned into M13 ; their sequences were determined by single-stranded sequencing in both directions with Taq polymerase and a series of primers to walk along the complete clones (Promega TaqTrack2 Sequencing System).
Quantitative RT-PCR
RT-PCR [17, 18] was used for the quantification of mRNA in cowpea roots and leaves. The RT-PCR was performed as a twostep reaction, i.e. synthesis of cDNA followed by PCR.
RNA preparation
Total RNA was extracted from 1 g of frozen plant tissue by a guanidinium thiocyanate procedure [16] . Plant tissue samples were taken from leaves at lamina lengths specified in Table 3 , or from root tips (2 cm). All total RNA preparations were treated with RNase-free DNase. RNA quality was checked by gel electrophoresis and then quantified by spectrophotometry.
cDNA synthesis
First-strand cDNA (forming a DNA\RNA duplex) was synthesized from 1 µg of total RNA by the method of Dallman and Porter [18] with MMLV reverse transcriptase and oligo(dT) in the presence of a ribonuclease inhibitor. Reaction conditions were set to give a maximum yield of cDNA. After annealing at 37 mC, 200 units of MMLV reverse transcriptase was added and the reaction was left for 60 min at 37 mC. A second 200 units of enzyme was added and the reaction was left for a further 60 min at 37 mC, followed by inactivation of the enzyme at 70 mC for 10 min. The final solution was made to 100 µl; 4 µl samples were used in each PCR reaction.
Competitive templates
Templates were fragments of genomic cowpea DNA that had been subcloned in pUC18. The genomic fragments for CP1 and CP2 contained small introns and were used unchanged (see Table  2 ). The genomic fragments for CP3 and CP5 contained large introns and were engineered to remove most of the intron (by using the Clontech Mutagenesis Kit and specific oligonucleotides to loop out a large segment of DNA) so that a suitable fragment size was obtained (see Table 2 ). The templates were used as linearized pUC18, and stock solutions from 8 to 8i10( ag\µl (expressed as concentration of unique template DNA) were prepared by 10-fold serial dilutions. 
Isolation of soybean ferritin genomic DNA fragments
Total soybean DNA was prepared by using standard techniques [19] . Specific oligonucleotides for the amplification of CP1 or CP2 (see Table 2 ) were used in a touchdown PCR programme with total soybean DNA as template. The reaction mixture was the same as in the PCR section above. Samples were amplified for 30 cycles, starting with five cycles at 94 mC for 60 s, 65 mC for 60 s and 72 mC for 90 s. The annealing temperature was decreased to 60 mC for five cycles and then to 55 mC for the last 20 cycles. All PCR products were cloned into pUC18 vector and sequenced for identification.
RESULTS
Isolation and sequence of cowpea cDNA
We reported previously [14] the presence of at least three different genes for ferritin subunits in cowpeas, on the basis of PCR amplification of an internal protein-coding segment of mRNA Occurrence and expression of the ferritin gene family in cowpeas isolated from developing leaves. The unique clones were named, in order of isolation, cowpeas 1, 2 and 5. We have used these segments of DNA as probes to isolate two complete coding regions for expressed cowpea ferritin subunits. Libraries of cDNA were constructed from mRNA isolated from expanding cowpea leaves (5-7 cm in lamina length). The cDNA synthesized was cloned into λgt10.
To isolate CP2 (the full cDNA corresponding to cowpea 2), approx. 60 000 clones were screened with a unique segment of DNA of 215 bp (prepared from the cowpea 2 isolate) cloned in M13. Only one positive clone was detected ; this was sequenced completely. It contained one open reading frame ( Figure 1) . Translation of the DNA showed that it coded for a ferritin subunit plus a transit peptide and the cDNA was identical with the segment of sequence encoded by the probe. The transit peptide had a unique sequence (no similarity to the other published plant ferritin sequences) but contained the general characteristics of a signal peptide for transit into chloroplasts or mitochondria [20] . The sequence of the mature polypeptide was only 77 % identical (Table 1 ) with the first published sequence for soybean used as the model example of a legume ferritin [6] . A second library from developing leaves was screened with a unique segment of DNA of 215 bp (prepared from cowpea 5 isolate) cloned in M13. From approx. 50 000 clones, three positives were identified at a stringency that was known to show some annealing to related ferritin sequences. Sequence information for the three clones provided a surprise. One contained no ferritin code and the other two were identical ferritin codes. However, the new clones did not contain the probe sequence but a related ferritin homologue that was different from all three species found previously [14] . We named this new ferritin CP3 (see Figure 2 ). CP3 had 84 % identity in the mature protein to the soybean sequence used as a point of comparison (see Table 1 ). In these studies we did not find a cowpea 5 clone. This was not pursued because the cowpea 5 fragment is the product of the cowpea gene very closely related (97 % similarity ; Table 1 ) to the previously published protein sequences from legumes. The translated sequence of CP3, like that of CP2, contained a transit peptide sequence at the N-terminus (Figure 2 ). This segment had some similarity to the transit peptide in the published soybean sequence, which has been shown to target the protein to the chloroplast [3] . Thus the chloroplast is the probable location for CP3.
Both lambda libraries described above were probed with the unique cowpea 1 fragment without success. Subsequent results (see Table 3 ) on the expression of this polypeptide in leaves clearly showed that cowpea 1 is not part of the ferritin in normal developing leaves.
Expression of ferritin genes in cowpea
Our work with cowpeas has shown that at least four distinct polypeptides could be produced to assemble the ferritin molecule of 24 polypeptides. It was therefore important to discover the physiological function of these members of a gene family. Cloning cDNA established only that three of the polypeptides were probably located in plastids (transit peptides). We decided that measurement of the levels of mRNA was the best chance of obtaining information about when and where these genes were active. Preliminary experiments quickly established that RNA blots were not sensitive enough for normal ferritin expression and also were not sufficiently specific to discriminate between genes. It had been established before [14] that oligonucleotide primers could be designed to amplify specifically only one of the genes or its mRNA product. Thus we turned to RT-PCR to provide a sensitive and specific method of discrimination. There are many problems in using PCR for quantitative or semi-quantitative measurement. The difficulties were very clearly expressed in quantitative terms by Raeymaekers [21] . A fundamental requirement is to have internal standards that will amplify to the same efficiency as the test material over the number of cycles used in the amplification. To achieve this, we developed a unique standard for each of the four ferritin gene transcripts. Each standard was identical in sequence with the target sequence because each standard was a fragment of the corresponding gene. However, the gene fragments had a small intron in the middle that made the standards slightly larger than the targets ( Table 2 ). The size of the fragments was also manipulated so that there could not be any mistake in identification of the DNA amplified on an agarose gel. Each target sequence and corresponding standard was amplified by a unique pair of oligonucleotides (see Table 2 ). Under the conditions used for amplification (see the Materials and methods section), only the target sequences were formed without any trace of other target sequences. To test amplification efficiencies, pure samples of DNA containing standard and test sequences in mixtures of different concentrations were subjected to PCR. Only equimolar amounts of standard and test gave equal amounts of amplified product bands. If efficiencies were not the same, then equal amounts of product bands would be formed when the amounts of sample and test were not equimolar [21] . These PCR trials were run under the same conditions as used with plant extracts.
Quantification was based on the formation of a total firststrand cDNA synthesis from total RNA from a tissue. Trials were run to test the total yield of cDNA with time. The best indication was the subsequent amount of cDNA detected by PCR. A uniform set of conditions for all samples was then set for reverse transcriptase reactions.
We confined the analysis of RNA preparations to differences in concentrations of an order of magnitude. It was expected (and shown below, in Table 3 ), that concentrations of specific mRNA species would differ by very large amounts, depending on tissue and stage of development. We wished to achieve a guide to the patterns of expression. It did not seem sensible to try to refine measured concentrations of mRNA to a greater precision : it would have been an enormous amount of work and would not add to the information, partly because errors occur in RT-PCR that are impossible to control. These errors are : variable recovery of RNA from tissue samples, variation in yields of cDNA in the reverse transcriptase reaction, and the possible bias in amplification owing to the comparison of PCR of DNA (the internal standard) with a DNA\RNA hybrid (the product of reverse transcriptase). We have confidence in the precision of the results reported in Table 3 because each value quoted was determined three times on separate tissue samples. In all cases, the same result was obtained from separate tissue samples, provided that results were based on total RNA extracted from tissues. However, the absolute concentrations of mRNA quoted in Table 3 could be in error owing to the RT-PCR technique.
To illustrate the results obtained in test RT-PCR experiments, two quantification series are shown in Figure 3 . It can be seen that the unknowns were equated directly with a standard or could be positioned between two standards. This type of information produced the final results in Table 3 . Several important results were obtained from seedlings provided with all growth requirements, including plentiful iron. First of all, mRNA for ferritin subunits 2, 3 and 5 (numbers correspond to the original numbering of isolated clones, and are used in Table 3 ) was produced during leaf development in similar amounts from each gene. Subunits 2 and 5 were produced earlier than subunit 3 in leaf expansion. However, subunit 3 remained in developed leaves, even 1 week after complete expansion (see biofoliate leaf values) when the amounts of subunits 2 and 5 were very low. The second notable feature was that the mRNA for subunit 1 was never present in any sample in amounts comparable with the maximum concentrations of the other mRNA species. The third point to emphasize is the similarity of the situation in developing leaves to that in developing root tips. However, the mRNA for subunit 2 was produced in roots at higher levels than that for other ferritin species.
Homologues of cowpea ferritin genes in soybeans
Since the publication of the first cDNA sequences for plant ferritin in 1990 and 1991 [3, 6] , only one gene product has been identified in soybeans (G. max), which have been used as a model for ferritin synthesis and function in plants [3, [22] [23] [24] . The
Table 2 Specific oligonucleotides and standards used for RT-PCR
The RT-PCR method used required the inclusion of competitive standards that amplified with the same efficiency as the cDNA being measured [18] . For cowpeas 1 and 2, cloned fragments of genomic DNA (in pUC18) that span the first intron were used as standards because they were amplified with the same efficiency as the corresponding cDNA test material. For both cowpeas 3 and 5, the first intron was approx. 900 bp in length and genomic fragments spanning intron 1 were much larger than, and showed large differences in amplification efficiency compared with, their respective cDNA fragments. Mutagenesis was used to remove most of these large introns to create effective internal standards for cowpeas 3 and 5 (see the Materials and methods section). The forward (f) and reverse (r) primers used to amplify unique products for each target cDNA and standard sequence are shown, together with the expected product sizes.
Size of amplified fragment (bp)
Target ferritin Oligonucleotides Internal standard Test Standard CP1 f, 5h-GAAGTGAAAAAAGAGCTTCTT-3h pUC18/genomic DNA fragment (complete intron) 185 285 r, 5h-GCCAATCCTTTCAGAGCAAC-3h CP2 f, 5h-GAGGTGAAGAAGGAGCTCGAT-3h pUC18/genomic DNA fragment (complete intron) 185 265 r, 5h-GCAAGACCTCTTAGCGCAAC-3h CP3 f, 5h-AAATGTCTCCTTGTCTCGCC-3h pUC18/genomic DNA fragment (partial intron) 195 290 r, 5h-CTTTTCAGCATGCTCTCT-3h CP5 f, 5h-GAGGTTAAGAAGGAAGAGCTT-3h pUC18/genomic DNA fragment (partial intron) 185 246 r, 5h-GCAAATCCCTTGAGAGCTAC-3h
Figure 3 Examples of quantification of cDNA by using competitive PCR
Total first-strand cDNA prepared from total RNA from each plant sample was co-amplified by PCR with a separate standard dilution series of competitive templates for each target ferritin (see the Materials and methods section, the Results section and Table 3 ). The competitive templates were identical with the target cDNA sequences except for the inclusion in the middle of the sequence of a segment of the natural intron from each specific gene. Thus each standard was slightly larger than its corresponding target sequence. All amplified bands were between 185 and 290 bp in length. Products from PCR were separated on 2 % (w/v) agarose gels. (a) To the left of the molecular mass ladder are amplification products of PCR with the use of oligonucleotides specific for CP1. Bands for amplified test cDNA (195 bp), standard (285 bp) and a third, apparently larger, product can be identified. This third product is a heteroduplex that results from annealing between heterologous strands of test and standard amplified fragments [17] . This was established separately by annealing pure samples of test and standard bands. The equivalence point falls between two dilutions of competitive standard in the series. In all cases in which this occurred, both standard quantities were used in calculations of mRNA levels and results were given as a range (see CP1, 5-6 cm, Table 3 ). (b) To the right of the molecular mass ladder are amplification products of PCR with the use of oligonucleotides specific for CP2. Bands can be identified as amplified test cDNA (185 bp), standard (265 bp) and heteroduplex. Amounts of amplified target and standard were clearly equivalent at a single dilution of standard ; in all cases in which this occurred, a single figure was used when expressing final results (see CP2, 7-8 cm, Table 3 ).
Table 3 Estimation of cowpea ferritin mRNA levels by using RT-PCR
Total first-strand cDNA was prepared from total RNA from each plant sample (see the Materials and methods section). For each cowpea ferritin target, a master mix was made up containing designated amounts of standard PCR components (see the Materials and methods section) and 1 µl of first-strand cDNA in each 20 µl of final reaction volume. The mix was dispensed as 18 µl aliquots into tubes containing 1 µl of each dilution of competitive standard, followed by 1 unit of Taq polymerase. An aliquot of each reaction in a series was run on a 2 % (w/v) agarose gel (see the example in Figure 3 ). Equivalence occurred when amplified products from standard and target were judged to be equal on the gel. Then the amount of input standard DNA equalled the amount of target present in the added cDNA. Results are expressed as pg of target messenger fragment (equivalent to pg of input standard) per µg of total RNA used to prepare cDNA. The analysis was repeated for each tisue with separate plant samples (mostly in triplicate). published cDNA for soybean ferritin is highly homologous to the ferritin subunit 5 fragment that we have described in cowpeas [14] . Given the gene family for ferritin in cowpeas, it seemed likely that a family would also exist in other legumes, including soybeans. We used the unique oligonucleotides that we had developed to amplify specifically cowpea fragments 1 and 2 (which have sequences substantially different from the published soybean ; see Table 1 ) and tried to amplify similar sequences in preparations of soybean DNA. The PCR conditions used for these experiments are described in the Materials and methods section. When the cowpea 1 oligonucleotides were used, three The amino acid sequences of soybean ferritin fragments 1 and 2 are compared with the relevant portion of the published soybean ferritin amino acid sequence [3] . Numbering is from the first residue of the mature published subunit [6] .
pieces of DNA were amplified ; the largest and most prominent of these (1070 bp), when sequenced, showed that it was part of the code for a new soybean ferritin gene. We called this fragment soybean 1 because it was closest in DNA and protein sequence to our existing cowpea 1 (compare sequences in Figures 4 and 5) . When the cowpea 2 oligonucleotides were used, two pieces of DNA were amplified. The more prominent product was 280 bp long ; when it had been sequenced it was clearly part of another new soybean ferritin gene. This fragment was called soybean 2 because it was very closely homologous to cowpea 2 in DNA and protein sequence (compare sequences in Figures 4 and 5) . The soybean 1 fragment contained one large, unique intron in the same position as the equivalent position in cowpea [14] and maize genes [9] . The soybean 2 fragment contained one small, unique intron in the same position as the others studied. Thus it is clear that the gene family in cowpeas has its counterparts in soybeans. It should be noted that we have sequenced more than one clone of each of the soybean 1 and 2 fragments. This exercise showed that there must even be multiple forms of the new genes described, because the intron sequences were not identical in different clones. In addition, we have made specific oligonucleotides for the soybean 1 gene fragment and have used these to amplify segments of soybean 1 protein code from a cDNA preparation made from RNA extracted from developing soybean leaves. A single band of exactly the predicted size for the protein code of soybean 1 was formed. Thus at least one of the new soybean genes discovered is transcribed.
DISCUSSION
Since 1989 a number of primary sequences for plant ferritin have been determined by the isolation of cDNA clones made from mRNA preparations [3, [11] [12] [13] [14] 25] . Most attempts at cDNA library probing have resulted in a single isolate from each species. However, there have been exceptions to this outcome. We published a preliminary report based on the use of PCR technology that demonstrated at least three ferritin mRNA species in cowpeas [14] . The segments of protein sequence obtained showed substantial variation in the highly conserved ferritin protein subunit. Briat and co-workers have published several papers in recent years that examine their finding of highly homologous ferritin sequences in a single species : maize [9] [10] [11] 13, 25] . Their isolates have varied mostly in the control regions of the genes ; they have found that the different subunits are expressed under different physiological conditions [9, 10] . The protein sequences reported for the ferritin subunit from this monocotyledon are almost identical. In the present paper we have presented new results that expand on our original observation in 1993. It is clear there is much more still to be learned about the gene family for plant ferritin.
Figure 5 Comparison of primary structures of some plant ferritins
Plant ferritin sequences are from soybean [6] , cowpea leaves (cowpeas 2 and 3 are from the present study ; cowpeas 1 and 5 are from [14] ), A. thaliana seedlings [13] and maize [25] . Helices are identified by horizontal lines and include the plant-specific proposed P-helix [12] . The seven residues involved in the ferroxidase centre are shown in bold [2, 23] . Points in a sequence represent gaps required for alignment. Numbering of the plant ferritin sequences starts at the cleavage site of the transit peptide (vertical line). The cleavage point has been determined experimentally for soybean [6] ; the others are deduced.
We previously reported three fragments of cDNA for ferritin subunits in cowpea leaf extracts [14] , and here we have expanded the list to four isolates (see Figure 2 for the complete sequence of the fourth isolate, CP3). The earlier isolates (called cowpea 1, 2 and 5) are shown in full in Figure 1 (CP2) and in part for isolates 1 and 5 in Figure 5 . This paper reports the full sequence of the original cowpea 2. The isolates cowpea 1, 2 and 3 are most interesting because the subunit sequences diverge considerably from the other cowpea isolate (cowpea 5), which is almost identical with the published sequences from other legumes as represented by soybean in Figure 5 [6, 8, 11] . We have tried to isolate the full cDNA for cowpea 1 but without success so far. Expression results (Table 3) show that cowpea 1 mRNA is present in very low levels even in developing leaves. Thus it is not surprising that we failed to abstract a cDNA clone from our lambda phage libraries. We have also prepared a cDNA library from developing leaf extracts at the 7-8 cm stage (see Table 3 ), a sample that should contain a maximum amount of cowpea mRNA. This cDNA has been used for specific nested primer amplifications and the product has been probed with specific cowpea 1 fragment in Southern blots. We have not achieved a positive result and thus no clone has been isolated. By comparison, specific nested primer amplification worked well when cowpea 2 was used as a test of the system.
At this point it is instructive to examine the comparisons between published subunit sequences from other legumes and cowpea 2, a subunit sequence that must have separated from the other sequences a long time ago : Table 1 shows that there is 77 % identity between mature (no transit peptide) cowpea 2 and the published soybean subunit. Examination of the aligned sequences in Figure 5 shows that these subunits are probably very similar in three-dimensional structure because most sequence variation is concentrated in the N-terminus, the A-helix and the long loop between helices B and C (the proposed structure of plant ferritin subunits can be found in [2, 12] ). On the basis of the structure of human H subunits, plant subunits have a core structure of four long helices (A to D), with a possible short helix at the Cterminus (see annotations in Figure 5 ). Plant subunits have a unique extra sequence at the N-terminus with a structural relationship to the rest of the subunit that is not really understood. The residues involved in iron oxidation and storage in the ferritin structure [2, 23] are completely conserved in cowpea 2 (highlighted in Figure 5 ). Thus we have no evidence for functional differences between mature cowpea 2 and other plant subunits. The translated sequence of CP 2 contains a putative transit peptide that has no similarity to published sequences (see Figure 5 ). However, this transit peptide has the general characteristics required to target the nascent polypeptide to either plastids or mitochondria [20] . The same conclusions were also reached from the translated sequence for CP 3, with the exception that the transit peptide in this species has partial similarity to the transit peptide in the published soybean sequence ( Figure 5 ).
Sequence comparisons alone cannot tell us why the gene for cowpea 2 (and cowpea 1) has diverged substantially from other members of the family. Large differences in ferritin sequence between plant species are not a unique observation : the recently published Arabidopsis sequence ( Figure 5 ) [13] has diverged from anything found in legumes and in maize. The published maize sequences ( Figure 5 ) [25] are different again ; however, the amino acid substitutions are (as in cowpea 2) concentrated in the same structural elements. The four active genes that we have detected in cowpea form a unique group because of the protein sequence divergences demonstrated within one species. We have used our unique primers for cowpea 1 and 2 sequences to probe genomic DNA preparations from soybean. We have found proof of homologues of these species in soybean (see Figure 4 ). Briat and co-workers [13] suggest that the A. thaliana library of expressed sequence tags might contain fragments of quite divergent ferritin sequences. Taken together, this information implies strongly that there is a substantial family of ferritin genes in each higher-plant genome. Some genes will code for nearly identical protein subunits that are expressed in the plastids in response to different environmental signals (as discovered by Briat and co-workers in maize [9, 10] ). Some genes will code for protein subunits that have substantially different sequences but might have the same basic protein function and be expressed in the plastids (as we have found for cowpeas). Perhaps this second group of genes are expressed in different tissues (as discussed in the next section).
To try to begin to understand the function of the four different subunits in cowpeas, we decided to examine transcription by following the amounts of mRNA produced in different tissues at different stages of development. We had to make the assumption that each subunit sequence is the product of a unique gene. The work with maize [9] has shown that this might not be an accurate assumption because in maize, more than one gene can code for a single protein subunit sequence. There might be more than one gene coding for each of our designated cowpea sequences. The variations in the intron sequences of clones produced by PCR from soybean DNA (mentioned in the Results section) also supports the conclusion for maize. It is clear that we need more investigations into the total ferritin genes in one species. This should come partly out of total genome analyses.
The method of RT-PCR provided the best combination of specificity and sensitivity to start to answer the questions about expression. The outcome of many months of work is summarized in Table 3 . The results obtained from RT-PCR are dependent on the design of unique primers for each ferritin subunit of interest and also on the design of an appropriate unique internal standard. All fragments had to be short and of similar lengths to prevent variations in the efficiency of amplification. To obtain an effective guide to changes in mRNA concentrations, we settled on 10-fold differences in amounts of internal standard between reactions (see Figure 3 ). These differences in standards explain why individual results have a low precision ( Table 3) . The results show very interesting changes. In developing leaves provided with a complete supply of nutrients, cowpea 2 and 5 subunits are likely to be major components of ferritin involved in leaf development. In contrast, cowpea 3 is initially transcribed at lower levels but remains present as a transcript in mature leaves. Cowpea 1 is not a significant transcript in leaves under the conditions studied. These observations show that at least three genes are employed to produce ferritin in normal leaf development. Roots are much more difficult to study and only a single type of root tissue sample has been used. Table 3 shows that cowpea 2 is the dominant transcription species, with smaller amounts of cowpeas 3 and 5. Again, cowpea 1 is detected but cannot be considered significant. These results do suggest (on the basis of mRNA concentrations) that ferritin is expressed in roots in amounts that might be similar to those in developing leaves. Is ferritin in roots acting as a staging point for iron before transport to the shoot, or is it present just for cellular development ?
The results presented here are a substantial addition to our knowledge of plant ferritin and establish that this knowledge of the gene family is still rudimentary. The method of quantitative RT-PCR is potentially valuable for a more detailed examination of the selective expression of multiple ferritin genes in specific tissues under a variety of physiological conditions. This information needs to be complemented by some convenient refined method to analyse the subunit composition of ferritin isolated in micro quantities from tissue samples.
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